We present estimates of the exact correlation energies for 56 small molecules whose experimental atomization energies are known accurately. These should prove useful in the assessment and parameterization of new quantum chemical methods.
Introduction
The prediction of thermochemical quantities to high accuracy ($ 1 kcal mol À1 ) is an important and challenging goal in quantum chemistry and a purely ab initio approach requires the use of highly accurate and computationally expensive treatments of electron correlation and relativistic effects. Many of the popular, more computationally accessible, but more empirical quantum chemical models, such as B3LYP [1] or the Gaussian-n methods [2] [3] [4] [5] , are parameterized to reproduce such thermochemical data and while this is clearly a desirable quality in any method, an even more satisfying target is to reproduce accurately atomic and molecular total energies: this too would lead to accurate thermochemistry, but without depending upon unphysical error cancellation. Clearly, to parameterize or to assess the performance of a method requires an accurate data set. Although there are papers [6] [7] [8] [9] [10] [11] which contain estimates of the total energy of one or several small molecules, we are not aware of a large systematic set of such data in the chemical physics literature. In this article we use a combination of accurately determined experimental and theoretical quantities to do so for 56 small molecules, viz. the 55 neutral molecules in the G1 set [2, 3] and H 2 . In particular, we list the non-relativistic (NR) total and electronic energies, the restricted and unrestricted Hartree-Fock (HF) energies and the corresponding correlation energies. We aim to determine these quantities to within a millihartree (mE h ).
Method
The atomization energy, AED 0 , of an N-atom molecule M is calculated using
Results
The quality of the results we obtain using equations (4)- (6) is clearly dependent on the accuracy of the data we use. The methods used to obtain these data are summarized in table 1. We obtain the atomization energy from experiment, specifically we take those listed in [4] for the G1 molecules (correcting the value for CN to that quoted in [12] ) and the value for H 2 from [13] . The majority of these have error bars less than 1 mE h and we assume they are accurate for our purposes. The zero-point vibrational energies are obtained by scaling the ZPVE from a MP2/6-31G* harmonic frequency calculation by 0.9661 [14] and are taken from [15] . The RMS error of this method with the 39 molecules used to parameterize it is approximately 0.3 mE h .
We use the relativistic corrections to the atomization energies listed by Feller and Peterson [16] which consist of scalar relativistic corrections (one-electron Darwin and mass-velocity terms in the Breit-Pauli Hamiltonian) obtained using a CISD(FC)/cc-pVTZ// CCSD(T)(FC)/aug-cc-pVTZ wavefunction, and also a spin-orbit correction based on experimental results. The scalar relativistic corrections are expected to be within 1 mE h of four-component or Douglas-Kroll results. Although the geometries at which the relativistic corrections are calculated are not the experimental geometries, the differences are expected to be negligible and, furthermore, it has been shown that these corrections have a very weak dependence on geometry [17] .
The NR electronic energies of the atoms are taken from [18] and are taken to have errors of less than 1 mE h . The molecular HF energies are calculated using experimental r e structures (taken from [13, 19] ) which are available for 42 of the species under investigation. The remaining 14 HF energies are calculated at the QCISD/G3MP2Large [20] [21] [22] geometries. The HF results are obtained using the cc-pV5Z [23, 24] basis Taken from [4] , with the exception of CN from [12] and H 2 from [13] . c MP2/6-31G* ZPVE scaled by 0.9661 [14] taken from [15] . d Scalar relativistic and spin-orbit corrections taken from [16] . e Atomic total energies taken from [18] . f Calculated using cc-pV5Z-h.
set with the h-functions removed (cc-pV5Z-h). Halkier et al. have studied the convergence of the HF energy using correlation consistent basis sets and report that using the cc-pV5Z basis yields energies within 1 mE h of the HF limit [25] . All HF energies are calculated using the Q-CHEM package [26] .
In table 2 we present all of the quantities described above. The correlation energy depends upon whether a restricted (RHF) or unrestricted (UHF) wavefunction is used and we therefore list both. We note that the atomic correlation energies given here are different to those given by Chakravorty et al. [18] as they have used numerical HF energies [27] which are symmetry restricted and therefore higher than either the RHF or UHF energies shown here. We would recommend, when assessing a post-HF method using a RHF/UHF wavefunction to estimate the correlation energy, the use of the energies listed here rather than those of [18] .
Ideally, we would like to be able to compare our results with exact solutions (within an infinite basis set) of the Schro¨dinger equation, but in the two decades since this was done for water [28] (within a double-zeta basis set) we have not moved much closer to this goal. Although quantum Monte Carlo offers estimates to the exact energy, quantifying the error due to the fixed node approximation requires the use of experimentally derived energies like the ones listed in the table. We hope that the data listed here will not only be useful, but also highlight the need for theoretical methods which can produce benchmark data like these without approximation or experimental data.
